Virus isolated from the lung, liver, kidney, and small intestine of a 3-month-old Holstein heifer with a clinical history of pneumonia and lesions in multiple organs was identified as an adenovirus on the basis of morphological and physicochemical characteristics. The adenovirus was determined to be a serotype 10 bovine adenovirus and represents the first reported isolation of this serotype in the United States. Inoculation of calves with this isolate resulted in mild to moderate clinical response consisting of fever, inappetence, increased respiratory rate, cough, and listlessness. Gross lesions were minimal in the respiratory tract and consisted of fibrin in the airways and small areas of consolidation in the cranial lobes of the lung. Mucofibrinous foci were present on the mucosa of the upper small intestine.
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Abstract. Virus isolated from the lung, liver, kidney, and small intestine of a 3-month-old Holstein heifer with a clinical history of pneumonia and lesions in multiple organs was identified as an adenovirus on the basis of morphological and physicochemical characteristics. The adenovirus was determined to be a serotype 10 bovine adenovirus and represents the first reported isolation of this serotype in the United States. Inoculation of calves with this isolate resulted in mild to moderate clinical response consisting of fever, inappetence, increased respiratory rate, cough, and listlessness. Gross lesions were minimal in the respiratory tract and consisted of fibrin in the airways and small areas of consolidation in the cranial lobes of the lung. Mucofibrinous foci were present on the mucosa of the upper small intestine. Currently, 10 species (serotypes) of adenoviruses in cattle (BAdV-1 to -10) are recognized by the International Committee on Taxonomy of Viruses. 18 Of the 10 recognized serotypes, BAdV-1, 11 -2, 12 -3, 15 -4, 17 and -7, 22 have been isolated from cattle in the United States. The bovine adenoviruses have been isolated from healthy cattle, but more often, the isolations are associated with some form of clinical disease.
A 3-month-old Holstein heifer (T93-621) submitted to the Tulare Branch of the California Veterinary Diagnostic Laboratory System for necropsy was 1 of 3 calves that had died over a 2-day period from a group of 600 Holstein heifers purchased locally approximately 2 months earlier. Approximately 2% of the heifers were coughing and had mucoid nasal discharges. Sick heifers were treated successfully with tetracycline; most had responded to the treatment, although over the course of treatment there was a decline in response. Heifers were fed grain and alfalfa hay and were housed in groups of 50 heifers per pen. The calves had been vaccinated for brucellosis and clostridium (8-way multivalent) and had been dewormed. At necropsy, the carcass had mild to moderate postmortem autolysis. There was consolidation of approximately 15% of the left anterior lung lobe. The affected area was plum colored and slightly collapsed. The remaining lung was grossly normal. The lumen of the spiral colon contained long strands of fibrin, and there were multifocally extensive eroded areas in the spiral colon.
Microscopic lesions consisted of suppurative bronchiolitis and bronchopneumonia. Basophilic inclusions either partially or totally filling nuclei were identified in the lung, kidney, small intestine, and colon. Inclusions were present within bronchiolar epithelial cells and capillary endothelial cells of the lung (Fig. 1a ), within capillary endothelial cells of the interstitium of the kidney (Fig. 1b) , and within capillary endothelial cells in the lamina propria of the mucosa of the intestinal tract ( Fig. 1c ). Immature stages of coccidia were also present in epithelial cells of the colon.
Mycoplasma bovis was the only microorganism isolated from the lung. Culture of bile and colonic contents was negative for salmonella. Fecal flotation for parasite ova was negative, and no coccidial oocysts were observed on direct examination of mucosal smears of the colon.
The objective of this study was to isolate and characterize the virus and determine the pathogenic potential in calves.
Materials and methods

Cell culture
Low-passage bovine turbinate (BTu) cells were grown in Eagle's minimal essential medium (EMEM) supplemented with 10% heat-inactivated bovine fetal serum (BFS) and gentamicin sulfate (50 g/ml). Cell cultures were incubated at 37 C in an atmosphere of 5% CO 2 in humidified air.
Virus isolation
Samples of lung, liver, kidney, and small intestine from calf T93-1621 were ground in EMEM supplemented with 2% BFS, gentamicin sulfate (50 g/ml), and amphotericin B (10 g/ml) with a TenBroeck tissue grinder and clarified by low-speed centrifugation; 0.2 ml of the supernatant fluid was used to inoculate tissue culture flasks (25 cm 2 ) contain- ing subconfluent BTu cells. Flasks were examined daily for viral-induced cytopathic effect (CPE) and subpassaged after 7-10 days if no CPE was observed. Cultures with CPE were subjected to a freeze-thaw cycle and the supernatant was inoculated into newly seeded flasks of subconfluent BTu cells. The virus (T93-1621) isolated from the calf was biologically cloned by 3 successive plaque purifications. Stock virus was propagated in BTu cells, harvested after 2 freezethaw cycles, and stored at Ϫ80 C.
Virus characterization
For negative-contrast and transmission electron microscopy, infected cultures were harvested by trypsinization when CPE involved over 75% of the cells. The cells were pelleted by low-speed centrifugation (1,000 ϫ g), resuspended in either distilled water for negative-contrast electron microscopy or 2.5% glutaraldehyde for transmission electron microscopy, and prepared by standard procedures. The virus was tested for sensitivity to chloroform, 5 acid, 10 and heat. 7
Neutralization tests
Adenovirus antibody titers were determined by a microtitration serum-virus neutralization test as previously described. 13 Stock pools of the prototype bovine adenoviruses a were prepared after biological cloning. Hyperimmune rabbit sera produced against virus strain T93-1621 and prototype BAdV-1 through -8 and -10 were used in cross-neutralization tests. Cloning of BAdV-9 from the culture provided was not possible. Serum antibody titers were expressed as the reciprocal of the highest dilution of serum preventing CPE in 50% of the wells after 7 days of incubation.
Restriction endonuclease analysis
Viral DNA was extracted from the infected cell monolayers inoculated with either the prototype BAdV-10 or isolate T93-1621. 19 Viral DNA was digested with restriction enzymes BamHI, EcoRI, HindIII, and PstI according to the conditions recommended by the manufacturer. b The restriction digests were electrophoresed at 100 V for 5 hr in horizontal 1.0% agarose gels in Tris-borate buffer. Gels were then stained with ethidium bromide and photographed over UV light. Genome size was estimated on the basis of the electrophoretic migration of fragments produced in restriction digests compared with DNA fragments of known size.
Infectivity study
Inoculum. Chloroform-treated adenovirus strain T93-1621 was used to produce stock virus for animal inoculation. When viral-induced CPE was maximal, the cell cultures were subjected to 2 freeze-thaw cycles, harvested, and stored at Ϫ80 C. The adenovirus titer was determined to be 1 ϫ 10 5 median cell culture infectious doses per milliliter. The inoculum was free of both bacteria and mycoplasma as determined by routine cultural procedures. An immunoperoxidase test was used to screen the cultures for noncytopathic bovine viral diarrhea virus infection. 3 Experimental design. Four colostrum-deprived, isolationreared calves, approximately 3 mo old, were inoculated with cell culture fluid containing fourth-passage virus (5 ml trans- tracheally and 1 ml intranasally per nostril). The control calf was inoculated with cell culture fluid prepared from a noninoculated flask. Clinical signs and rectal temperatures were recorded daily beginning 3 days before inoculation. Nasal secretions and fecal samples were collected on sterile cotton swabs on odd days beginning on preinoculation day 3. Two virus-inoculated calves were necropsied on postinoculation day (PID) 7, 1 on PID 14, and 1 on PID 21. The control calf was necropsied on PID 14. The calves were euthanized by intravenous administration of pentobarbital and exsanguinated. Calves with the most severe clinical signs were necropsied first. After gross postmortem examination, lung, liver, kidney, and small intestine specimens were aseptically collected for virus isolation attempts. Tracheal fluid was collected on sterile cotton swabs. Bacterial isolation attempts were performed on aseptically collected lung specimens. For histologic evaluation, turbinate, trachea, lung, mediastinal lymph node, liver, kidney, duodenum, jejunum, ileum, mesenteric lymph node, and colon were fixed in 10% neutral buffered formalin. Samples were embedded in paraffin, sectioned at 6 m, and stained with hematoxylin and eosin.
Virus isolation. Swabs containing nasal secretions, feces, and tracheal fluid were placed in tubes containing 2 ml EMEM supplemented with 2% BFS, gentamicin sulfate (50 g/ml), and amphotericin B (10 g/ml). The swabs were held in the medium for 1 hr, expressed against the side of the tube, and centrifuged for 5 min at 800 ϫ g. Two-tenths of a milliter of supernatant fluid was used to inoculate tissue culture flasks (25 cm 2 ) containing subconfluent BTu cells. Samples of lung, liver, kidney, and small intestine were minced and cocultivated with subconfluent BTu cells. After incubation overnight, the medium was removed from the flasks and fresh medium without amphotericin B was added. Cultures were examined frequently over 21 days for viralinduced CPE with subcultures made at 7 and 14 days before they were considered negative for adenovirus.
Results
Cytopathic effects produced when strain T93-1621 was originally isolated from field samples were apparent in some of the cultures 5-7 days after inoculation. In unstained preparations, CPE was characterized by enlarged, rounded, often refractile individual cells, many with a single granular intranuclear inclusion (Fig. 2) . The CPE slowly progressed over the monolayer. With increased passage, the CPE progressed to involve the entire monolayer, resulting in detachment of cells. Infectivity assays showed virus titers were 10 4 -10 5.5 median cell culture infective doses per milliliter. Virus was eventually recovered from all 4 tissues from calf T93-1621. Cultural characteristics indicated the viruses were similar; this was later confirmed in a serum-virus neutralization test. Electron microscopic examination of cell lysates showed typical adenovirus virions (Fig. 3) . Hexagonal virions were seen to have equiangular triangular faces, with each triangle containing 6 subunits (capsomeres) per side. The diameter of the virions was between 75 and 85 nm. In ultrathin sections of virus-infected cells, crystalline arrays of virus were seen frequently ( Fig. 4) . Further characterization showed the virus was resistant to chloroform and acid treatment and sensitive to heat treatment. Neutralization studies indicated the T93-1621 isolate was a serotype 10 bovine adenovirus (Table 1). Restriction endonuclease patterns generated for strain T93-1621 compared with the prototype BAdV-10 are shown in Fig. 5 . The numbers of fragments (recognition sites) produced by BamHI and EcoRI digests were identical, but the fragments varied slightly 7) , EcoRI (lanes 3 and 8) , HindIII (lanes 4 and 9) , and PstI (lanes 5 and 10), separated in a 1% agarose gel, and visualized by ethidium bromide staining. Molecular size standard bacteriophage lambda HindIII fragments (lanes 1,6, and 11 ). in size from the prototype virus. Fragment numbers and size for HindIII and PstI varied in both number and size. Genome size was estimated to be 28.5 kilobase pairs.
Colostrum-deprived calves inoculated with the virus developed mild to moderate clinical disease consisting of fever, hyperpnea, listlessness, and anorexia. Calves were febrile beginning PID 3 and lasting through PID 7, with the maximum temperature being 41.2 C. Calves were lethargic PIDs 3-8 and they had to be stimulated to get them to rise. During this period, the calves either did not eat or were slow to eat the feed offered and respiratory rates were increased. The respiratory rate was markedly slow and labored in 1 calf necropsied on PID 7.
Lesions were found in the respiratory and intestinal tracts. Multiple areas of consolidation were present primarily in the cranioventral portion of the lung. Fibrin and mucus were present in the bronchi and bronchioles as well as in the upper small intestine. Histologically, the lesion was characterized as a slight inflammation of the entire respiratory tract but most severe in the bronchi and bronchioles. There was a scattering of lymphocytes and other mononuclear cells in the submucosa of the upper respiratory tract and in the interstitium of the lungs. A small amount of fibrin containing neutrophils and mucus was present in a few air passages. The intestinal tract was less involved histologically than grossly. No more than a slight erosion was found and no inclusions were seen. The lamina propria was moderately infiltrated with mononuclear cells and granulocytes. There was little difference between calves necropsied on PIDs 7 and 14, but at PID 21, the lesions were virtually resolved.
Adenovirus was sporadically isolated from nasal secretions and feces beginning on PIDs 3-9 ( Table 2) . Tracheal fluid and lung tissue from calves necropsied on PIDs 7 and 14 were also positive for virus isolation. Virus was not isolated from liver or kidney. All calves were seronegative for the T93-1621 strain of BAdV-10 adenovirus at the start of the study. Serum antibody was detected on PID 7 (Table 1) . No virus was isolated from the control calf, and the calf remained seronegative for the adenovirus.
Discussion
Virus T93-1621 isolated from the lung, liver, kidney, and small intestine of a 3-month-old Holstein calf had the cultural, morphological, and physicochemical characteristics of members of the Adenoviridae family. 18 Serologic and restriction endonuclease analyses indicated that the T93-1621 isolate is a bovine adenovirus serotype 10. The T93-1621 adenovirus DNA restriction endonuclease patterns produced and estimated size were similar to those reported for BAdV-10. 2, 8, 15 Variation observed in restriction pattern and genome size has been reported previously. 2 Adenoviruses have been isolated from cattle in conjunction with respiratory tract disease and enteritis or both. Although the role adenoviruses play in clinical disease in cattle is cause for circumspection, to date the confirmed isolations of BAdV-10 have come from sporadic cases where fatal hemorrhagic enterocolitis has been a prominent feature. 1, 9 The lesions and distribution of viral inclusions in the calf from which strain T93-1621 was isolated were similar to those observed where BAdV-10 has been implicated. Unfortunately, adenovirus was not isolated for purposes of characterization from other reported similar cases of enteritis in cattle where adenovirus was observed by electron microscopy. 4, 6, 18, 22, 24 Bovine adenovirus type 10 has also been identified by in situ hybridization in fatal cases of adenovirus-associated enteric disease in cattle. 21, 22 Of the currently recognized BAdV serotypes, BAdV-10 appears to be most closely associated with a well-defined clinical condition. 1 Virus isolations from the tissues of the calf (T93-1621) were most often on the primary attempt even from tissue that had been frozen for over a year. Whereas virus isolation from the experimental calves often required subpassage. On the basis of histologic observations, the natural case had far more involvement and viral inclusions than the experimental calves, which may account for the difference. Virus isolation from the nasal secretions and feces was also difficult, which may explain why BAdV-10 has only rarely been isolated and then only from dead calves. 1, 9 The inoculation of the 4 calves in this study did result in mild to moderate clinical respiratory disease but not enteritis, and the lesions were not systemic as has been observed in confirmed natural cases where BAdV-10 has been isolated. Because calves with the most severe clinical signs were necropsied first for humane reasons, it is not known if the clinical manifestations of infection would have progressed to the severe level seen in natural cases attributed to this virus. The current experimental infectivity study suggested the virus may be as much a respiratory pathogen as an enteric pathogen. The route of inoculation in this study would favor infection in the respiratory tract although some of the inoculum deposited in the lungs is coughed up and swallowed as was that deposited in the nares. Regardless, the natural infection appears to be systemic, primarily affecting the gastrointestinal tract. 1, 9, 20, 21 Mucofibrinous foci were present on the mucosa of the upper small intestine of some of the calves in our study. Disease as occurs in the field is difficult or impossible to reproduce experimentally because of the multifactorial nature, involving stress, viruses, and bacteria. Under different experimental conditions, perhaps more severe disease may have resulted. The fact that severe disease was not produced in this study does not preclude the importance of BAdV-10 in the production of clinical disease. It has been speculated that the sporadic cases of fatal BAdV-10 infection are the result of some type of immunological incompetence. 9 
